Current discussion about educational reform among business leaders, politicians, and educators revolves around the idea students need "21st century skills" to be successful today ([@B64]). Proponents argue that to be prepared for college and to be competitive in the 21st-century workplace, students need to be able to identify issues, acquire and use new information, understand complex systems, use technologies, and apply critical and creative thinking skills ([@B74]; [@B11]; [@B17]). Advocates of 21st-century skills favor student-centered methods---for example, problem-based learning and project-based learning. In science education, inquiry-based approaches to teaching and learning provide one framework for students to build these critical-thinking and problem-solving skills ([@B1]; [@B60]; [@B12]).

Unfortunately, in spite of the central role of inquiry in the national and state science standards, inquiry-based instruction is rarely implemented in secondary classrooms ([@B76]; [@B10]; [@B40]; [@B70]; [@B12]). Guiding a classroom through planning, executing, analyzing, and evaluating open-ended investigations requires teachers to have sufficient expertise, content knowledge, and self-confidence to be able to maneuver through multiple potential roadblocks. Researchers cite myriad reasons for the lack of widespread inquiry-based instruction in schools: traditional beliefs about teaching and learning ([@B63]; [@B65]), lack of pedagogical skills ([@B69]; [@B2]; [@B21]), lack of time ([@B52]), inadequate knowledge of the practice of science ([@B32]; [@B25]; [@B65]), perceived time constraints due to high-stakes testing, and inadequate preparation in science ([@B41]). Yet teachers are necessarily at the center of reform, as they make instructional and pedagogical decisions within their own classrooms ([@B22]). Given that effectiveness of teachers' classroom practices is critical to the success of current science education reforms, teacher professional development has been an ongoing focus for promoting educational reform ([@B19]; [@B20]).

A review of the education research literature yields an extensive knowledge base in "best practices" for professional development ([@B19]; [@B59]; [@B50]; [@B51]; [@B38]; [@B75]). However, in spite of a strong consensus on what constitutes best practices for professional development ([@B27]; [@B75]), relatively little systematic research has been conducted to support this consensus ([@B34]). Similarly, when specifically considering the science education literature, several studies have been published on the impact of teacher professional development on inquiry-based practices (e.g., [@B72]; [@B6]; [@B12]). Unfortunately, these studies usually rely on teacher self-report data; few studies have reported empirical evidence of what actually occurs in the classroom following a professional development experience.

Thus, in this study, we set out to determine through observational empirical data whether documented effective professional development does indeed change classroom practices. In this paper, we describe an extensive professional development experience for middle school biology teachers designed to develop teachers' neuroscience content knowledge and inquiry-based pedagogical practices. We investigate the impact of professional development delivered collaboratively by experts in science and pedagogy on promoting inquiry-based instruction and an investigative classroom culture. The study was guided by the following research questions: Were teachers able to increase their neuroscience content knowledge?Were teachers able to effectively implement student-centered reform or inquiry-based pedagogy?Would multiple years of professional development result in greater changes in teacher practices?

Current reforms in science education require fundamental changes in how students are taught science. For most teachers, this requires rethinking their own practices and developing new roles both for themselves as teachers and for their students ([@B24]). Many teachers learned to teach using a model of teaching and learning that focuses heavily on memorizing facts ([@B62]; [@B16]; [@B24]), and this traditional and didactic model of instruction still dominates instruction in U.S. classrooms. A recent national observation study found that only 14% of science lessons were of high quality, providing students an opportunity to learn important science concepts ([@B5]). Shifting to an inquiry-based approach to teaching places more emphasis on conceptual understanding of subject matter, as well as an emphasis on the process of establishing and validating scientific concepts and claims ([@B3]; [@B9]). In effect, professional development must provide opportunities for teachers to reflect critically on their practices and to fashion new knowledge and beliefs about content, pedagogy, and learners ([@B24]; [@B75]). If teachers are uncomfortable with a subject or believe they cannot teach science, they may focus less time on it and impart negative feelings about the subject to their students. In this way, content knowledge influences teachers' beliefs about teaching and personal self-efficacy ([@B37]). Personal self-efficacy was first defined as "the conviction that one can successfully execute the behavior required to produce the outcomes" ([@B4], p.193). Researchers have reported self-efficacy to be strongly correlated with teachers' ability to implement reform-based practices ([@B57]; [@B56]).

Inquiry is "a multifaceted activity that involves making observations, posing questions, examining books and other sources of information, planning investigations, reviewing what is already known in light of evidence, using tools to gather, analyze and interpret data, proposing answers, explanations and predictions, and communicating the results" ([@B59], p. 23). Unfortunately, most preservice teachers rarely experience inquiry-based instruction in their undergraduate science courses. Instead, they listen to lectures on science and participate in laboratory exercises with guidelines for finding the expected answer ([@B36]; [@B26]). As such, teachers' knowledge and beliefs about teaching and learning were developed over the many years of their own educations, through "apprenticeship of observation" ([@B47]), in traditional lecture-based settings that they then replicate in their own classrooms. To support the implementation of inquiry in K--12 classrooms, teachers need firsthand experiences of inquiry, questioning, and experimentation within professional development programs ([@B35]; [@B72]; [@B12]).

A common criticism of professional development activities is that they are too often one-shot workshops with limited follow-up after the workshop activities ([@B23]; [@B75]). The literature on teacher learning and professional development calls for professional development that is sustained over time, as the duration of professional development is related to the depth of teacher change ([@B68]; [@B77]; [@B72]; [@B6]). If the professional development program is too short in duration, teachers may dismiss the suggested practices or at best assimilate teaching strategies into their current repertoire with little substantive change ([@B73]; [@B14]). For example, [@B72]) found that sustained professional development (more than 80 h) was needed to create an investigative classroom culture in science, as opposed to small-scale changes in practices. Teachers need professional development that is interactive with their teaching practices; in other words, professional development programs should allow time for teachers to try out new practices, to obtain feedback on their teaching, and to reflect on these new practices. Not only is duration (total number of hours) of professional development important, but also the time span of the professional development experience (number of years across which professional hours are situated) to allow for multiple cycles of presentation and reflection on practices ([@B8]; [@B34]). [@B72] suggests that it is more difficult to change classroom culture than teaching practices; the greatest changes in teaching practices occurred after 80 h of professional development, while changes in classroom investigative culture did not occur until after 160 h of professional development.

Finally, research indicates that professional development that focuses on science content and how children learn is important in changing teaching practices (e.g., [@B19]; [@B27]), particularly when the goal is the implementation of inquiry-like instruction designed to improve students' conceptual understanding ([@B33]; [@B15]). The science content chosen for the professional development series described in this study was neuroscience. This content is relevant for both middle and high school science teachers and has direct connections to standards. It also is unique in that it encompasses material on the neurological basis for learning, thus allowing discussions about student learning to occur within both a scientific and pedagogical context. As a final note, it is rare for even a life science teacher to have taken any coursework in neuroscience. The inquiry-based lessons and experiments encountered by the teachers during the professional development provide an authentic learning experience, allowing teachers to truly inhabit the role of a learner in an inquiry-based setting.

STUDY
=====

BRAIN to Middle School sought to 1) create an expert cadre of teachers who would integrate neuroscience concepts, activities, demonstrations, and experiments into their classrooms; and 2) increase teachers' use of inquiry-based teaching. The underlying premise of the program was that teachers would utilize in their own classrooms the same pedagogical approaches employed when they learned neuroscience. Thus, this study was conducted to understand the impact of a long-term, sustained professional development program on science teaching practices.

Context
-------

We posited that providing professional development for teachers in a new content area, neuroscience, by modeling inquiry-based pedagogy would result in their adoption of similar pedagogical techniques and would improve classroom instruction. A priori, we expected that over multiple years of such professional development, teachers would become experts in both the content and process of creating and executing scientific experiments with their students. To test this premise, we developed a 3-yr series of intensive summer teacher professional development workshops combining inquiry-based pedagogy with delivery of neuroscience content taught jointly by neuroscientists and science educators. This partnership blended two very different cultures in the workshop leadership, modeling the multiple roles teachers were expected to adopt: guider in acquisition of knowledge (teacher), seeker of new knowledge (scientist), and questioner of both (everyone). Surveys and classroom observations provided data on the impact of these workshops on teachers' attitudes toward and practices of inquiry-based pedagogy and changes in the classroom cognitive environment.

### Program Description.

BrainU 101, BrainU 202, and BrainU 303 were each designed according to established national professional development guidelines and recommendations ([@B13]; [@B48]; [@B58]). The summer institutes incorporated effective components of professional development: long duration, focused content built on prior knowledge, active learning, community building, voluntary participation, and alignment with state and national science standards ([@B34]; [@B58]). Program activities emphasized basic neuroscience concepts appropriate for middle school audiences ([@B54]; [@B71]). Each activity was modeled using inquiry-based instructional approaches and after each neuroscience activity, reflective discussions were used to deconstruct the instructional practices modeled by workshop staff and how these same activities might be integrated into classrooms.

Additional follow-up support was provided during the academic year. Teachers received 1--3 d of in-service coteaching from program staff in the academic years following attendance at the BrainU 101 and 202 workshops. This assistance was intended to build teacher confidence in handling brains and organisms and working in an inquiry-centered classroom. Other support included classroom supplies, a resource trunk, a school assembly program, and a classroom set of interactive exhibit stations ([@B66], [@B67]).

The first workshop, BrainU 101, was 2 wk long. BrainU 202 and 303 each occupied a full week in successive summers. In the workshops, neuroscience was taught using a series of lessons that built successively complex understandings of brain ([@B53]). No textbooks were used, but primary scientific and pedagogical and secondary lay audience literature was distributed. Approximately 60% of the workshop time was spent conducting science activities and experiments; this included time to process and discuss both content and pedagogy. Science educators and scientists shared equitably in leading activities and discussions, modeling best practices, integrating their expertise, and reflecting upon one another\'s styles, while supporting teachers' questions. Teachers also interacted with neuroscience researchers through a series of research update lectures and laboratory tours. Classroom lesson plans incorporated a variety of hands-on, modeling, dissection, and inquiry-based activities, including open-ended, inquiry-based lessons using *Caenorhabditis elegans*, *Manduca sexta*, snails, leeches, or prism glasses ([@B53]). Details of the lessons have been previously reported ([@B55]). All lessons were mapped to Minnesota state and National Science Education Standards ([@B13]; [@B53]). Agendas and workshop syllabi are available online ([@B54]).

Teachers outlined their implementation plans in a written action plan document presented at the end of each workshop. Teachers chose which lessons to incorporate into their academic year schedule, adapting the lessons and fitting neuroscience into the other required curricula wherever they saw fit.

Participants
------------

Two complete series of the neuroscience workshops have been completed, with a total of 107 participants. The workshops were available to any science teacher in the region, although the majority of participants were teachers from the metropolitan area of the university campus. Priority was given to middle school teachers, although several upper elementary and high school teachers also participated. Participants' years of teaching experience ranged from 1 to 39 yr, with an average years of experience measuring 14.5 ± 10.6 yr. Participant schools represented a range of student populations, with average minority student populations of 50.2 ± 30.6% and free and reduced lunch rates of 43.9 ± 41.4%. One hundred seven teachers completed the BrainU 101 workshop, 68 teachers completed the BrainU 101 and 202 workshops, and 41 teachers completed all three workshops. No single characteristic, previous educational attainment, school setting, subject focus, or licensure type described the majority of teachers.

For comparison, an additional group of 12 middle school science classrooms whose teachers were not involved in the BrainU program were observed at the program\'s conclusion. This comparison would control for any general changes in teaching practices that may have occurred during the program years. The comparison teachers were recruited from two large school districts in Minnesota. The science coordinator from each district identified several teachers who agreed to be observed. Six middle school teachers from each district, teaching life science courses or similar introductory biological science courses, were selected and observed. Thus middle school earth science, chemistry, and physics were not observed. The 12 comparison lessons observed ranged over topics including evolution, cells, genetics, environmental concepts, ecology, human biology, and classification. When observed, none of the 12 comparison teachers were teaching neuroscience. The types of activities observed in the BrainU and comparison classrooms are described below (*Pedagogical Implementation*).

Comparison teachers and their classrooms were comparable with BrainU teachers on a number of measures, despite differences on the kinds of lessons that were observed. The comparison teachers had fewer years of teaching experience on average (mean 8.1 ± 2.2); however, the comparison teachers were not inexperienced, and no comparison teacher had taught fewer than 5 yr (range 5--12 yr). Comparison schools represented a comparable range of student populations, with average minority student populations of 46.0 ± 45.1% and free and reduced lunch rates of 51.9 ± 27.6%. Additionally, observer ratings of available resources and classroom arrangements were high and almost identical between the treatment and comparison groups (on a 1--3 scale: arrangement = 2.82 \[treatment\] and 2.83 \[comparison\]; resources = 2.61 \[treatment\] and 2.58 \[comparison\]; *n* = 85 \[treatment\] and 12 \[comparison\]; two-tailed *t*-test: *p* = 0.89 \[resources\]; *p* = 0.93 \[arrangement\]). In other words, availability of appropriate laboratory space, equipment, or technology was not an issue for either treatment or comparison-group teachers.

All participants voluntarily attended the workshops, having been recruited through direct mailings to schools, advertising online, and in person at teacher-oriented sites or events. BrainU teachers received \$100/wk to attend and \$500 in supplies for the following academic year. Supply purchases were used for anything the teachers needed, whether related to BrainU or not. Comparison teachers received \$100 for giving us the opportunity to visit their classrooms. The University of Minnesota Institutional Review Board Protocol ruled that the program qualified as exempt (approval no. 0406E60873).

Additional comparison teacher data were obtained from the control teachers observed in the Core Evaluation of the Collaboratives for Excellence in Teacher Preparation (cCETP; controls from the CETP) program ([@B44], [@B45]). The CETP program compared middle school teachers trained in the use of classroom technology with those without such professional development in a nationwide National Science Foundation--sponsored program. The CETP program collected data in 2002--2003, at a time comparable with the beginning of our program. Inclusion of control teachers from this national data set provided another comparison group of teachers (*n* = 48) not trained in neuroscience. Given the relatively small size of our comparison group with respect to the treatment group, inclusion of the cCETP group provided additional context for changes registered in the current study. Similarities between the observations of Minnesota comparison teachers and those in the cCETP group demonstrate the fidelity of our observational implementation. They also permit placing the gains reported below in perspective by comparison to this national study.

Data Collection and Analysis
----------------------------

### *Content Knowledge*.

Teachers' neuroscience content knowledge was measured with a short pre- and posttest on neuroscience. This test consisted of 11 multiple-choice questions with five possible responses and one open-ended response item (available upon request to the corresponding author). Questions probed understanding of central nervous system processes underlying neuronal function or observable classroom behaviors; for example, "One of your students has been studying hard for a test about the brain. What changes would have occurred in the student\'s brain as a result of their efforts?" Because this test was designed to cover the content of BrainU 101 only, it was not administered after BrainU 202 and 303, which contained additional content.

However, at the end of each workshop (BrainU 101, 202, and 303) the teachers were also asked to complete a survey of self-assessment of their understanding of neuroscience concepts and their ability to teach these concepts. Teachers rated their level of self-confidence on a 10-point Likert scale (0 = none, 10 = high) for 11 content knowledge items, four ability-to-teach specific content items, and one ability-to-teach hands-on/inquiry-based item. Finally, teachers self-assessed their general knowledge of neuroscience on a 5-point scale (1 = none, 5 = excellent). Teachers' self-assessment of their general knowledge of neuroscience was statistically analyzed (paired-samples *t* test, two-tailed) to look for growth across each year of the BrainU program.

### *Classroom Observations*.

The classroom observation protocol was created by combining two published observation instruments: Classroom Observation Protocol (COP; [@B44]) and the Authentic Classroom Instruction ([@B61]). The COP is a criterion-referenced instrument for describing and rating classroom activities in K--16 STEM settings. The protocol has several parts. The first part is a description of the general demographics of the classroom, including items such as type of course, number of students, and adequacy of the physical environment. The second part is a narrative description of the instruction, including instructional goals and a record of the instructional activity, level of student cognitive activity, and student engagement 5 and 20 min into the observation. The last two sections are evaluative ratings of the lesson and its overall quality. Included are nine key indicators, each indicator being selected as an item grounded in contemporary understandings of reform-based science instruction, as well as being predictive of standards-based instruction and positive student outcomes. Each indicator is scored on the degree to which it is evident in the observed classroom on a 1--5 scale.

The Authentic Classroom Instruction ([@B61]) assesses the quality of instruction by considering the intellectual environment of the classroom using five standards of authentic instruction: higher-order thinking, depth of knowledge, connectedness to the world beyond the classroom, substantive conversation, and social support for student achievement. Each standard is a dimensional construct scored on a 5-point scale. Higher-order thinking, in which students combined facts and ideas to synthesize, generalize, explain, hypothesize, or arrive at a conclusion, was distinguished from lower-order thinking involving repetitive receiving or reciting of factual information, rules, and algorithms. Depth of knowledge was assessed as the degree to which instruction and students' reasoning addressed the central ideas with enough thoroughness to explore connections and relationships and to produce relatively complex understandings and explanations. Substantive conversations tracked extended (at least three consecutive) conversational interchanges among students and the teacher about subject matter in a way that built an improved and shared understanding of ideas or topics. Connections to the world measured students' involvement and ability to connect substantive knowledge to public problems or personal experiences. Data were not collected on the fifth standard, social support for student achievement.

All observers were external to the professional development program, provided by an external evaluation team and blind to treatment condition. Observers were trained with the *Annotated Guide to the CETP Classroom Observation Protocol* ([@B42]) and *A Guide to Authentic Instruction and Assessments: Visions, Standards and Scoring* ([@B61]) using the *CETP Core Evaluation Classroom Observation Videotape Guide* ([@B43]). Training continued until interrater reliability reached or exceeded 90%. Observations occurred during the academic year following BrainU participation or for comparison classrooms, at the end of the study period.

Statistical Analysis
--------------------

Statistical tests were chosen and reported below as appropriate for the type of data being analyzed. Independent-sample *t* tests and paired-sample *t* tests were used where appropriate. *z* tests for two independent proportions were also used. Attrition in teacher participation and survey responses over the 3 yr precluded the use of analysis of variance (ANOVA) in the data analysis, as too many data points would have needed to be discarded. On all statistical analyses reported below, the alpha levels were always run as two-tailed. This was a conservative approach, since no theoretical reasons existed to assume directionality for one-tailed tests. Because large sample sizes can produce significant but small changes, both effect sizes (Cohen\'s *d*) and *p* values are reported. An effect size of 1 indicates that the mean has changed by a full SD, which is unusual in educational settings (see discussion in [@B29]). On several tables in which the parameters *p* and *d* appear, *p* is always the calculated *p* value, and *d* is always Cohen\'s *d*. The *z* tests were run on Minitab 16 software. All other tests were run on SPSS 19. Computation of Cohen\'s *d* was run on a Web-based calculator ([www.uccs.edu/∼lbecker](http://www.uccs.edu/~lbecker)).

RESULTS
=======

Neuroscience Knowledge
----------------------

On the neuroscience content test administered during BrainU 101, teachers initially averaged 53.6 ± 2.9% (*n* = 107 teachers) correct, which increased to 78.7 ± 3.8% (*p* \< 0.001, *t* = 5.25, two-tailed for paired-sample *t* test) correct at the end of the workshop. The estimate of the effect size for this significant increase was large (Cohen\'s *d* = 1.5). Results from the survey of teachers' self-assessment of their own knowledge of neuroscience are shown in [Figure 1](#F1){ref-type="fig"}. As expected, teacher knowledge increased rapidly after the BrainU 101 workshop. This self-assessed increase in knowledge corroborated the changes on the content test administered at both the beginning and end of the BrainU 101 workshop. Each time teachers addressed the material, whether in their own classrooms or in subsequent workshops, further significant increases in self-assessed knowledge gains were evident up through the BrainU 303 workshop ([Figure 1](#F1){ref-type="fig"}). Given that the majority of the 41 teachers who completed all 3 yr of the BrainU workshops were not biology majors, confidence in neuroscience knowledge is an important measure.

![Teacher self-ratings of neuroscience knowledge (mean ± SD, from left to right, *n* = 61, 61, 58, 59, 59, 23, and 21, representing an average response rate of 69 ± 17%). Asterisks represent *p* values for two-tailed *t* test comparisons of mean ratings between successive assessment points. \*\*\*, *p* \< 0.001; \*, *p* \< 0.05.](413fig1){#F1}

Pedagogical Implementation
--------------------------

Teachers devoted considerable classroom time to neuroscience. After BrainU 101, 21% spent 1--2 wk, 36% spent 2--3 wk, and 30% spent more than 4 wk. After BrainU 303, these numbers shifted slightly, so that 42% of reporting teachers spent 2--3 wk and 42% spent more than 4 wk addressing neuroscience topics in their curricula. Typically, neuroscience content was integrated within units on cells, invertebrates, or the human body.

The range of activities observed in treatment teachers' classrooms was more laboratory-based and more varied than in comparison classrooms. Multiple activities could be noted for a single class period, and data represent the percent of observed classrooms seen incorporating the indicated activity. BrainU classrooms were engaged in developing (9%) or testing (4%) hypotheses, designing experiments (9%), or collecting (42%) and analyzing and interpreting (7%) data in contrast to comparison classrooms, which only collected data (16.7%). BrainU classrooms were making models (32%), dissecting (4%), actively simulating (4%), presenting orally (6%), discussing (4%), drawing (9%), or journaling (6%), activities not observed at all in the comparison set. Comparison classrooms worked on problem solving (16.7%), learning computer software (16.7%), doing comparisons (16.7%), brainstorming or classifying (16.7%), or playing games (16.7%), activities not observed at all in BrainU classrooms. Classrooms in both groups had lectures (BrainU: 6%; comparison: 33%) or did worksheets (BrainU: 4%; comparison: 16.7%). The range of activities in the treatment classrooms represented more time spent on active experimentation and involved more higher-order thinking, whereas students in comparison-group classrooms most often experienced lectures or individual, student-focused activities.

The ratings on the nine key indicators observed for BrainU teachers after the 101 workshop were significantly higher than those for the comparison-group teachers ([Table 1](#T1){ref-type="table"} and [Figure 2](#F2){ref-type="fig"}). Treatment teachers performed significantly better than comparison teachers on all of the nine key indicators. These key indicators corroborated the changes observed on the Standards of Authentic Instructions (see *Classroom Intellectual Environment*), with most of the improvement occurring after BrainU 101.

![Classroom observation ratings of key indicators in classrooms of BrainU participants (red), comparison teachers (black), and cCETP teachers (gray). Because no significant differences were observed between observations after BrainU 101, 202, and 303 participation, all data have been aggregated. Data from comparison classrooms in the CETP program (cCETP, gray) reproduced with permission of Dr. Frances Lawrenz. Data are mean ± SD; BrainU, *n* = 85; comparison, *n* = 12; cCETP, *n* = 48.](413fig2){#F2}

###### 

Statistical parameters for the key indicators

                                                                                                                                                          BrainU vs. comparisons   BrainU vs. cCETP                 
  ------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------ ------------------ ------------- ----------
  Lesson encouraged students to seek and value alternative modes of investigation or problem solving.                                                     **0.003**                **0.94**           **\<0.001**   **1.81**
  Students were encouraged to generate conjectures, alternative solution strategies, and ways of interpreting evidence.                                   **0.006**                **0.95**           **\<0.001**   **1.29**
  Lesson promoted strongly coherent conceptual understanding.                                                                                             **0.002**                **0.96**           **\<0.001**   **0.77**
  Elements of abstraction were encouraged when it was important to do so.                                                                                 **0.001**                **1.10**           **\<0.001**   **0.84**
  Instructional strategies and activities respected students prior knowledge and misconceptions                                                           **\<0.001**              **1.16**           **\<0.001**   **0.73**
  Teacher displayed an understanding of science concepts.                                                                                                 **0.007**                **0.93**           0.097         0.32
  Appropriate connections were made to other areas of science, to other disciplines, and/or to real-world contexts, social issues, and global concerns.   **0.001**                **1.16**           **\<0.001**   **0.96**
  Interactions reflected collaborative working relationships among students and between teacher and students.                                             **0.002**                **0.92**           **\<0.001**   **1.12**
  Students were reflective about their learning.                                                                                                          **\<0.001**              **1.25**           **\<0.001**   **1.19**

In addition, observers gave each classroom an overall rating on the likely effect of the lesson on student understanding of scientific process as well as content and students' ability to carry out a classroom investigation ([Figure 3](#F3){ref-type="fig"} and [Table 2](#T2){ref-type="table"}). Treatment classrooms scored significantly higher than the comparison classrooms on all three of these measures. Similar to the rating of key indicators, ratings on the Likely Effect of the Lesson did not improve further after the first workshop.

![Classroom observation ratings of the likely effect of the lesson in classrooms of BrainU participants (red), comparison teachers (black), and cCETP teachers (gray). Because no significant differences were observed between observations after BrainU 101, 202, and 303 participation, all data have been aggregated. Data are mean ± SD; BrainU, *n* = 85; comparison, *n* = 12; cCETP, *n* = 48.](413fig3){#F3}

###### 

Statistical parameters comparing BrainU classrooms with comparison classrooms on the likely effect of the lesson

                                                                                                                 BrainU vs. comparisons   BrainU vs. cCETP                 
  -------------------------------------------------------------------------------------------------------------- ------------------------ ------------------ ------------- ----------
  On students' understanding and capacity to carry out own inquiries                                             **0.001**                **1.17**           **\<0.001**   **1.71**
  On students' understanding of important science concepts                                                       **0.001**                **0.96**           **\<0.001**   **0.78**
  On students' understanding of science as a dynamic body of knowledge generated and enriched by investigation   **0.003**                **0.05**           **\<0.001**   **1.40**

BrainU teachers excelled compared with the nonintervention cCETP teachers in exactly the same manner they compared with local comparison teachers ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} and [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}). In contrast with the local comparison teachers, the comparison teachers in the national sample displayed mastery of the content material but did not score as highly as the BrainU teachers on the other eight key indicators ([Table 1](#T1){ref-type="table"}). Thus, competence in content knowledge did not imply a sufficiently sophisticated set of pedagogical skills to lead students through the reasoning processes associated with experimental practices.

###### 

Percent of students engaged at 5 and 20 min into the observed lesson^a^

  Time     Teacher                         *n*   *n* total   Percent classrooms engaged   *z*        *p*
  -------- ------------------------------- ----- ----------- ---------------------------- ---------- -----------
  5 min    Observations after BrainU 101   32    42          76                           1.53       0.13
           Comparison                      5     10          50                                      
  5 min    All BrainU observations         63    79          79.7                         1.81       0.07
           Comparison                      5     10          50                                      
  20 min   Observations after BrainU 101   30    42          71                           1.24       0.22
           Comparison                      5     10          50                                      
  20 min   All BrainU observations         63    79          79.7                         **2.46**   **0.014**
           Comparison                      4     10          40                                      

^a^*n* represents the number of classrooms in which students were engaged out of all observations (*n* total). The percent classrooms engaged measure represents the proportion of classes in which students were engaged at that time point. *p, z*, two-tailed *z*-test on independent proportions vs. comparisons.

Classroom Intellectual Environment
----------------------------------

Observers rated the proportion of students engaged in the activity at 5 and 20 min into the lesson ([Table 3](#T3){ref-type="table"}). When all observations of BrainU classrooms from all years are pooled, at 20 min, students in BrainU classrooms are significantly more engaged than in comparison classrooms. Disaggregated comparisons between BrainU teachers and comparison teachers on these measures did not reach a level of statistical significance. However, the 21--39% difference in the percent of students engaged in the lesson between BrainU and comparison classrooms is of practical importance, since more students were participating in the neuroscience lessons on a consistent basis. These data support the observations on increased cognitive activity levels ([Figure 4](#F4){ref-type="fig"}), supporting the idea that reform pedagogy and neuroscience engage and motivate students.

![Classroom observation mean ratings of Standards of Authentic Classroom Instruction in comparison teachers' (C) or BrainU 101, 202, and 303 participants' classrooms. (A) Observation ratings by years of BrainU attendance. SD ranges were 0.75--1.16 for BrainU teachers and 0.58--0.95 for comparison teachers; comparison classrooms, *n* = 12; BrainU 101 classrooms, *n* = 46; BrainU 202 classrooms, *n* = 28; and BrainU 303 classrooms, *n* = 11. Linear regressions on the mean ratings within each standard produced slopes significantly different from 0 (higher-order thinking, *p* = 0.014; deep knowledge, *p* = 0.004; substantive conversations, *p* = 0.034; connections to world, *p* = 0.021). A one-way ANOVA comparing the slopes was not significant, indicating the rates of change in each of these parameters were equal. For additional *t* test *p* values and Cohen\'s *d* effect sizes, see [Table 4](#T4){ref-type="table"}. (B) Two observations of the same teacher. Seventeen teachers were observed in the academic years after successive BrainUs. \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\**p* \< 0.001 in two-tailed *t* tests.](413fig4){#F4}

Classrooms were also scored on overall cognitive engagement and indicators of inquiry-based practices using four of the five broad Standards of Authentic Instruction ([Figure 4](#F4){ref-type="fig"} and [Table 4](#T4){ref-type="table"}). The standards addressed characteristics observed in student thinking and classroom interactions: higher-order thinking, depth of knowledge, substantive conversations, and connections to the world. Teachers and their classrooms improved steadily on each of the four standards of reform-based teaching with each successive year in the program ([Figure 4](#F4){ref-type="fig"} and [Table 4](#T4){ref-type="table"}). In the academic year after the BrainU 101 workshop, all observed participants improved their classroom climates substantially over those observed for teachers not in the program. The dramatic improvement in the cognitive environment indicated by these four Standards of Authentic Instruction was not related to teaching experience, as regressions of ratings of each standard on years taught yielded correlation coefficients approaching zero for both comparison and BrainU teachers.

###### 

Statistical parameters for classroom observations of Standards of Authentic Classroom Instruction

                              Comparison vs. BrainU 101   BrainU 101 vs. 202   BrainU 202 vs. 303   BrainU 101 vs. 303   Comparison vs. BrainU 303                                               
  --------------------------- --------------------------- -------------------- -------------------- -------------------- --------------------------- ------ ----------- ---------- ------------- ----------
  Higher-order thinking       **0.01**                    **0.74**             **0.004**            **0.73**             0.408                       0.29   **0.003**   **1.01**   **\<0.001**   **2.23**
  Deep knowledge              0.192                       0.42                 **0.029**            **0.55**             0.156                       0.47   **0.001**   **1.24**   **\<0.001**   **1.81**
  Substantive conversations   **0.006**                   **1.03**             0.057                0.47                 0.345                       0.32   **0.012**   **0.92**   **\<0.001**   **1.98**
  Connections to world        **0.001**                   **1.00**             0.113                0.39                 0.296                       0.39   **0.038**   **0.76**   **\<0.001**   **1.98**

DISCUSSION
==========

Sustained Professional Development Impacts Classrooms
-----------------------------------------------------

This study was guided by our interest in developing a culture of inquiry-based science instruction in secondary science classrooms. While our primary focus was on increasing and improving the instruction of neuroscience concepts, an equally important focus was improving the quality of inquiry-based instruction. The results of the study indicate that sustained, inquiry-based science professional development can positively impact the quality of science teaching and that teachers engaged their students in frequent, high-quality, investigative neuroscience activities.

Following BrainU 101, teachers significantly improved their content knowledge of neuroscience. The fact that few teachers scored perfectly on the test indicates that the exam was challenging and had enough range to capture their true knowledge gains. Teachers' confidence in their neuroscience knowledge and their ability to teach neuroscience continued to show statistically significant increases following the formal professional development as teachers implemented lessons with staff support. As noted in previous studies ([@B50]; [@B49]; [@B38]), classroom follow-up is a critical component of effective professional development, as indicated by these continued improvements in teacher confidence about their abilities to teach neuroscience.

Classroom observations following BrainU 101 indicated teachers not only implemented neuroscience lessons in their courses, but they adopted many of the techniques of reform pedagogy. BrainU teachers had fewer traditional practices (lecture, worksheet, etc.) and more laboratory experiences for students. It is important to note that while both BrainU and comparison teachers provided opportunities for students to collect data, only BrainU teachers also provided opportunities for students to design their own experiments, develop their own hypotheses, analyze and interpret data, and present their findings. BrainU teachers' practices included all five essential features of inquiry ([@B60]). When considering the quality of these laboratory experiences, BrainU teachers scored significantly higher on indicators of inquiry-based instruction than either group of comparison teachers. As with previous research studies ([@B68]; [@B77]; [@B72]; [@B6]), we found that sustained (80 h with classroom follow-up), transformative professional development can significantly impact teachers' classroom practices and create a more inquiry-based, investigative classroom culture. Critically, our study provides observational data to support these claims, as opposed to teacher self-report data used in previous studies (e.g., [@B72]; [@B6]).

The longitudinal structure of the three BrainUs, plus the additional in-service support, far exceed the time frame of most professional development programs. The additional hours of immersion, practicing and discussing the meticulous process of extracting knowledge from experimental manipulations and measurements, resulted in acquisition of an enriched pedagogical skill set and the ability to lead others through the scientific process. These observations captured how the rapidly adopted inquiry-based teaching practices grew into steadily increasing gains in student cognitive participation over multiple years of teacher professional development and implementation. The significant gains following BrainU 202 and 303 in the intellectual environment of the classroom demonstrate that professional development hours beyond the first year were critical to moving beyond "mechanistic" implementation of classroom activities to a more intellectual climate around scientific investigations. Revisiting and extending neuroscience and pedagogical concepts in BrainU 202 and 303 provided teachers the opportunity to reflect upon their experiences and make plans for further improving their teaching. The continuous encouragement and sharing of experiences with colleagues and BrainU staff reinforced and strengthened individual teachers' implementations.

As previously noted ([@B72]; [@B34]; [@B27]; [@B12]), extended professional development is necessary to change classroom climate, to move inquiry-based experiences beyond a focus on data collection to one in which substantive conversations are occurring around data and concepts, and to develop deep conceptual understanding, rather than surface-level content knowledge. Concentrated, longitudinal professional development focused on specific instructional practices increases their use in classrooms and active-learning opportunities produce further additive effects ([@B28]). But results from these interventions can be varied. In one study in which elementary teachers attended a 1-d/wk intensive professional development in constructivist science practices that they immediately implemented, significant improvement on a survey of teacher knowledge and practices was observed, but the effect size was 0.16 ([@B30]). In contrast, elementary teachers involved in more than 300 h of science professional development using standard educational kits and curricula also showed improvement when their classrooms were observed on the Newmann Authentic Pedagogy rating scales, but not to the extent registered by BrainU teachers ([@B18]). Highly successful 2-yr teacher professional development has reported large effect sizes on increased student unit test performance when the professional development focused on promoting positive teacher beliefs regarding students' abilities ([@B46]). Our neuroscience message emphasizing brain plasticity may have had a similar effect, convincing teachers of students' potential capabilities.

Contemporary pedagogical theory hypothesizes that inquiry-based pedagogy improves students' 21st-century skills ([@B31]; [@B27]). Our data demonstrate that the use of inquiry-based pedagogy during sustained and intensive professional development improves the intellectual climate in the classroom. Thus, investing in intensive, supportive, inquiry-based science teacher professional development within a content domain provides a clear pathway toward improving K--12 educational outcomes. Most importantly, our data emphasize the time it takes for teachers to develop the knowledge and confidence to practice these skill sets in their classrooms. This is particularly important in light of a recent report concluding that there is a decline in the intensity of professional development opportunities for teachers and that teachers nationwide have fewer opportunities to engage in sustained (greater than 8 h in duration) professional development than 4 yr ago ([@B75]).

Study Limitations
-----------------

When attending their first BrainU, teachers were not anticipating an extended multiyear time investment. The successive years of professional development grew out of demand by teachers in a previous set of workshops for more opportunities to learn additional neuroscience ([@B55]). Indeed, the majority of teachers did not complete 3 yr of professional development. We have to assume that some degree of self-motivation characterized the teachers, since attendance was voluntary and the monetary reward was minimal. Presumably, teachers returned because they enjoyed the process and felt it benefited their practices. Future investigations of teacher motivation in attending professional development may shed light on what teacher and/or workshop qualities kept them coming back. As in any educational study, increasing the numbers of hours teachers participate will improve outcomes ([@B5]).

We cannot rule out the influence of other professional development experiences encountered by both BrainU and comparison teachers over a multiyear program. Some teachers did report regularly attending summer programs. Scheduling was an issue influencing the return of others. However, these issues were as likely to impact the comparison teachers as much as the BrainU teachers. To minimize any effects of changing expectations for teacher attendance at professional development events over the course of the many years of data collection, observers evaluated the comparison teachers after all BrainU classroom observations were completed. Changing district expectations should therefore have influenced both groups comparably.

Impact of Neuroscience
----------------------

The critical factors contributing to the success of the neuroscience program included the inquiry-based, collegial format of the workshops, the neuroscience content, and the combined skills of the team that ran the program. Because neuroscience is a biological science not normally included in life sciences degree programs, adopting the inquiry-based practices may be easier in the context of a new discipline. Struggling with the material themselves enabled teachers to understand points at which students might also need guidance. For traditional topics in biology, chemistry, and physics, teachers may have to unlearn the traditional way they acquired their own knowledge before they can adopt inquiry-based practices.

Neuroscience also provides a scientific framework for approaching and comprehending what makes for effective teaching ([@B39]). Understanding the basic neurobiology of learning at the synaptic and circuit levels and the integration of salience and emotional responses into learning and decision making informs teachers about the most fundamental aspects of the learning process. This knowledge reinforces teachers' intuition about what makes a lesson motivating and memorable for students. Understanding that they are responsible for changing their own synapses and turning on the genes that strengthen those synapses empowers middle school students to apply themselves in school ([@B7]). For the adults structuring the environments that guide student learning, understanding these same basic neuroscience concepts may encourage teaching strategies that develop independent student thinking. Teachers made these connections for themselves; we did not explicitly focus on this topic. Future investigations of teacher motivation and comparative observations of the outcomes of in-depth teacher professional development across scientific disciplines will be necessary to separate the impact of neuroscience knowledge from that of the sustained and intensive professional development format.

CONCLUSION
==========

The impact of the BrainU program was its profound influence on teachers. BrainU uniquely combined all the established components of high-quality professional development ([@B27]; [@B12]) with a topic that was highly motivating and relevant to both the practice of teaching and to its intellectual underpinnings. By experiencing and practicing inquiry as they learned neuroscience themselves, teachers understood how to structure these activities for their students to maximize learning. When asked to comment upon what they took home from their BrainU experience, teachers consistently remarked upon their deepened appreciation and application of inquiry-based pedagogy. The observational nature of this study provided a documented, causal link between high-quality professional development and changes in classroom practices.
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